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The  friction  behavior  of  a  diamond-like  carbon  coating  was  studied  in  reciprocating  sliding  contact 
at  speeds  from  0.01  to  5  mm/s,  in  dry  nitrogen.  “Superlow”  friction  coefficients  of  0.003-0.008 
were  obtained  in  continuous  sliding  at  the  higher  speeds  (>1  mm/s).  However,  friction  coefficients 
rose  to  values  typical  of  diamond-like  carbon  in  dry  and  ambient  air  (0.01-0.1)  at  lower  speeds 
(<0.5  mm/s)  as  well  as  in  time-delayed,  higher  speed  tests.  The  rise  of  the  friction  coefficients  in 
both  speed  and  time-delay  tests  was  in  good  quantitative  agreement  with  gas  adsorption  kinetics 
predicted  by  the  Elovich  equation  for  adsorption  onto  carbon.  More  generally,  superlow  friction 
could  be  sustained,  suppressed,  and  recovered  as  a  function  of  exposure  time,  demonstrating  that 
duty  cycle  cannot  be  ignored  when  predicting  performance  of  superlow  friction  coatings  in  devices. 
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The  past  10  years  has  seen  a  steady  lowering  of  the 
friction  coefficient  thanks  to  innovations  in  applied  surface 
science  and  coating  technology.  Friction  coefficients  below 
0.01  have  been  observed  for  certain  M0S2  and  diamond-like 
carbon  (DLC)  coatings,  but  only  in  ultrahigh  vacuum. 1-3 
Coatings  with  friction  coefficients  in  this  range  can  eliminate 
the  need  for  liquid  lubrication  and  enable  new  classes  of 
sliding  devices.  However,  friction  coefficient  is  not  a  mate¬ 
rials  parameter;  rather,  it  depends  on  factors  like  contact 
stress,  sliding  speed,  environment,  and  tribochemical  proper¬ 
ties  of  the  sliding  interface. 4-6  For  example,  it  is  known  that 
the  friction  of  graphite  in  vacuum  is  reduced  by  exposure  to 
02  or  H20,7  while  for  DLC,  exposure  to  these  gases  in¬ 
creases  friction.8'9  Moreover,  conditions  for  maintaining  low 
friction  coefficients  are  not  very  well  understood,  and  what 
works  in  one  application  may  be  useless  in  another.  Thus, 
the  success  of  DLC  in  the  hard  disk  industry  as  a  protective, 
friction  reducing  coating,  for  example,  has  not  been  readily 
translated  to  microelectromechanical  or  pointing-and- 
tracking  devices,  where  operating  conditions  such  as  speed 
and  environment  are  vastly  different. 

In  this  letter  we  introduce  a  methodology  for  assessing 
the  friction  behavior  of  coatings  for  low  speed  sliding  appli¬ 
cations.  DLC  coatings  that  give  friction  coefficients  down  to 
0.001  at  atmospheric  pressure  in  dry  nitrogen  were 
investigated.10'11  By  systematically  varying  speed  and  envi¬ 
ronmental  exposure  times,  superlow  friction  could  be  sus¬ 
tained  or  lost,  but  always  recovered.  The  friction  behavior  is 
explained  in  terms  of  gas  adsorption. 

DLC  coatings  were  prepared  by  low  temperature,  plasma 
assisted  chemical  vapor  deposition  in  a  hydrogen  and  hydro¬ 
carbon  rich  environment. 1 1  Coatings  were  deposited  to  1  /rm 
thickness  on  6.35  mm  diameter  sapphire  balls,  12.7  mm  di¬ 
ameter  steel  balls,  and  on  H13  steel  flats.  Friction  tests  were 
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performed  with  a  reciprocating,  ball-on-flat  tribometer  in  a 
nominally  dry  nitrogen  environment  ( R H <  1  % ,  02<1%).12 
The  coated  ball  was  loaded  against  the  coated  flat  to  9.8  N 
(0.6- 1.1  GPa  Hertzian  mean  pressure)  and  slid  at  speeds 
ranging  from  10  to  5000  /r m/s.  Each  track  was  initially 
run-in  for  1000  cycles  at  sliding  speeds  Ss  1 000  /irn/s.  The 
length  of  the  track  was  5.0  mm.  The  friction  coefficient  was 
averaged  over  each  cycle,  excluding  contributions  from  the 
endpoints. 

The  effect  of  exposure  time  on  friction  was  first  studied 
as  a  function  of  speed.  A  series  of  “speed-dependent”  tests 
was  performed  on  a  run-in  track.  Each  speed  test  began  with 
100  cycles  at  high  speed  (1-5  mm/s)  followed  by  20  cycles 
at  a  lower  speed  (10-513  /im/s).  The  ball  remained  in  con¬ 
tact  with  the  flat,  and  sliding  continued  with  no  delays 
throughout  the  series. 

The  friction  behavior  of  one  of  the  DLC  couples  for  a 
series  containing  seven  different  speed-dependent  tests  is 
shown  in  Fig.  1.  The  friction  coefficient  fell  to  a  superlow 
value  of  0.007  during  the  high  speed  portion  of  each  test. 
However,  at  lower  speeds  (<513  /im/s),  the  friction  coeffi¬ 
cient  increased  to  values  from  0.01  to  0.1  as  the  speed  de¬ 
creased.  No  obvious  wear  could  be  seen  in  Nomarski  optical 
microscopy  of  the  ‘  ‘wear’  ’  track  on  the  ball  or  flat  after  tests 
like  that  of  Fig.  1.  Similar  tests  were  performed  on  over  30 
tracks  of  this  couple  and  on  15  tracks  on  three  other  couples. 
Overall,  run-in  friction  coefficients  ranged  from  0.003  to 
0.008,  consistent  with  results  of  Erdemir  et  al.,u  and  friction 
behaviors  similar  to  that  shown  in  Fig.  1  were  obtained,  in¬ 
dependent  of  the  order  in  which  the  speed  tests  were  per¬ 
formed. 

The  low  speed  friction  data  of  Fig.  1  have  been  replotted 
as  a  function  of  reinitialized  cycle  number  in  Fig.  2  so  that 
the  rates  of  frictional  increase  can  be  easily  compared  be¬ 
tween  different  speeds.  The  friction  coefficient  increased 
more  rapidly  and  saturated  sooner  at  the  lower  speeds.  At  the 
lowest  speed,  10  /jm/s,  the  rate  of  increase  dropped  to  zero 
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CYCLE  NUMBER  (n)  FIG.  3.  Friction  coefficient  vs  reinitialized  cycle  number  for  five  different 

time-delay  tests.  The  solid  line  indicates  the  high  speed  friction  coefficient 
FIG.  1.  Friction  coefficient  vs  cycle  number  from  a  speed-dependent  test  at  f°r  this  DLC  couple:  fx  =  0.004. 
seven  speeds. 


after  eight  cycles  and  the  friction  coefficient  saturated  at 
0.12.  This  value  is  typical  of  DLC  coatings  in  ambient  air13 
and  —20  times  higher  than  the  run-in  value  of  0.007. 

Although  Fig.  2  might  suggest  that  the  friction  coeffi¬ 
cient  depended  directly  on  speed,  an  alternative  interpreta¬ 
tion  is  that  speed  influenced  friction  indirectly  by  changing 
the  length  of  time  that  points  along  the  track  were  exposed  to 
environmental  gases.  To  distinguish  between  these  two  pos¬ 
sibilities,  a  second  series  of  tests  was  performed  in  which  the 
exposure  time  was  varied  but  the  sliding  speed  remained 
constant.  These  “time-delay”  tests  were  like  the  speed- 
dependent  tests  in  that  100  cycles  at  high  speed  (5=  I  mm/s) 
were  followed  by  20  cycles  of  varying  exposure  time.  How¬ 
ever,  in  this  case  the  exposure  time  was  not  established  by 
speed  but  rather  by  introducing  fixed  delays  at  the  endpoints 
of  the  track,  then  sliding  at  high  speed  along  the  track  for  all 
tests.  Delays  were  chosen  such  that  the  average  exposure 
time  per  cycle  was  equal  to  the  traverse  time  in  the  speed 
tests.  As  in  the  speed  tests,  a  series  of  time  delays  was  stud¬ 
ied  without  breaking  contact  between  the  ball  and  the  flat. 

Results  from  a  series  of  five  different  time-delay  tests  on 
a  different  track  are  shown  in  Fig.  3  plotted  as  a  function  of 
reinitialized  cycle  number.  Even  though  the  speed  was  con¬ 


stant,  the  friction  coefficient  increased  as  the  exposure  time 
increased.  The  similarity  of  these  data  to  those  plotted  in  Fig. 
2  shows  that  the  increase  in  friction  was  governed  by  expo¬ 
sure  time  and  not  by  speed.  In  both  cases  exposure  time  had 
to  be  greater  than  about  5  s  for  the  friction  to  increase.  Small 
deviations  between  the  time-delay  and  speed-dependent  data 
do  exist  but  are  beyond  the  scope  of  this  letter. 

The  increase  of  the  friction  coefficient  with  exposure 
time  can  be  interpreted  in  terms  of  gas  interactions  with  the 
track.  Zaidi  et  ul. 14  provided  a  basis  for  interpretation  in 
somewhat  similar  studies  of  the  friction  behavior  of  graphite 
in  a  vacuum  chamber.  They  found  that  the  steady-state  fric¬ 
tion  coefficient  fell  as  the  partial  pressure  of  02  increased  or 
the  speed  decreased.  (We  note  that  in  their  experiment,  the 
02  gas  reduced  the  friction  coefficient,  whereas  in  ours,  gas 
appeared  to  have  increased  the  friction  coefficient.)  They  in¬ 
voked  the  Elovich  equation, 1:1-17  which  describes  the  kinetics 
of  adsorption  of  02  on  charcoal,  to  show  that  exposure  time 
was  common  to  both  speed  and  partial  pressure  behaviors. 

In  our  interpretation,  each  time  the  ball  passes  a  point  on 
the  track,  it  wipes  the  track  and  re-exposes  it  to  gases  in  the 
environment.  According  to  the  Elovich  equation,  the  rate  of 
adsorption  is  exponentially  proportional  to  the  amount  ad¬ 
sorbed  at  the  surface 


FIG.  2.  Friction  coefficient  vs  reinitialized  cycle  number  taken  from  low 
speed  data  in  Fig.  1.  The  solid  line  indicates  the  high  speed  friction  coeffi¬ 
cient:  jji =  0.007. 


—  =Aeaq,  (1) 

where  q  is  the  normalized  amount  of  adsorbate,  A  is  a  con¬ 
stant  related  to  the  particle  flux,  and  a  is  a  constant  associ¬ 
ated  with  the  number  of  available  adsorption  sites.  Equation 
(1)  can  be  related  to  the  time  evolution  of  average  friction 
through  two  steps.14  First  by  integration  of  Eq.  (1)  over  a 
period,  T,  and  then  by  assuming  that  the  friction  is  propor¬ 
tional  to  the  amount  of  gas  adsorbed,  /jl<* q: 

~  Mo 

h(T)  =  /jl0+  In(l+Aar),  (2) 

where  /x0  is  the  initial  friction  coefficient,  and  /jl  ,  is  the  final 
friction  coefficient. 

Data  from  Fig.  2  are  replotted  (open  symbols)  as  a  loga¬ 
rithmic  function  of  time  in  Fig.  4.  The  solid  lines  are  fits  of 
the  data  to  Eq.  (2)  using  a  single  set  of  A  and  a  values:  A 
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FIG.  4.  Friction  coefficient  data  from  Fig.  2  replotted  as  a  function  of  time 
(open  symbols).  Fit  of  Eq.  (2)  to  the  data  (solid  lines).  Two  constants,  A 
=  3.40  and  a= 0.75,  fit  the  entire  data  set. 

=  3.4s  1  and  a  =  0.75.  In  addition,  Eq.  (2)  has  been  applied 
to  several  other  data  sets.  The  resulting  fits  were  universal 
within  an  individual  series  of  tests  although  the  values  of  A 
and  a  between  series  differed;  values  for  A  ranged  from  0.48 
to  3.4  s  1  and  values  for  a  ranged  from  0.23  to  2.1.  The 
equation  gave  an  excellent  fit  of  the  initial  rise  in  friction  at 
each  speed  in  Fig.  4,  suggesting  that  gas-surface  interactions 
were  responsible  for  the  increased  friction.  However,  the 
Elovich  equation  failed  to  account  for  the  leveling  out  of  the 
friction  coefficient  at  the  lowest  speeds.  The  Langmuir 
equation,18  which  also  can  be  used  to  describe  gas  adsorption 
kinetics,  includes  a  saturation  term.  It  could  be  fit  to  the  data 
of  Fig.  4  (not  shown),  but  only  by  adjusting  the  Langmuir 
parameters  for  each  speed  test  (i.e.,  the  fit  was  not  universal). 
A  more  complete  model  of  the  friction  behavior  would  in¬ 
clude  both  gas  adsorption  and  removal  (through  wiping) 
terms. 

In  summary,  we  have  shown  that  these  DLC  coatings 
could  sustain  superlow  friction  coefficients  (0.003-0.008)  in 
nominally  dry  N2,  so  long  as  the  exposure  time  between 
sliding  contacts  remained  below  about  5  s.  Longer  exposures 


caused  the  friction  coefficient  to  increase  to  values  normally 
associated  with  typical  DLC  coatings  in  ambient  air,  but  the 
superlow  friction  coefficient  was  recovered  by  reducing  the 
exposure  time  below  the  nominal  value.  Finally,  the  excel¬ 
lent  fit  of  the  time-dependent  friction  behavior  to  the  Elovich 
equation  indicates  that  gas-surface  interactions  play  a  strong 
role  in  inhibiting  superlow  friction. 

The  authors  thank  Mike  Dugger  for  loaning  us  an  oxy¬ 
gen  sensor,  lohn  Russell,  Jr.  and  Steve  Harris  for  valuable 
discussions.  J.A.H.  was  supported  by  an  ASEE  postdoctoral 
associateship.  Funding  for  this  project  was  provided  by  the 
Office  of  Naval  Research  and  Department  of  Energy,  Office 
of  Energy  Research  (Contract  No.  W-31-109-Eng-38). 

1 J.  M.  Martin,  C.  Donnet,  Th.  Le  Mogne,  and  Th.  Epicier,  Phys.  Rev.  B  48, 
10583  (1993). 

2I.  Sugimoto  and  S.  Miyake,  Appl.  Phys.  Lett.  56,  1868  (1990). 

3C.  Donnet  and  A.  Grill,  Surf.  Coat.  Technol.  94—95.  456  (1997);  C. 
Donnet,  M.  Belin,  J.  C.  Auge,  J.  M.  Martin,  A.  Grill,  and  V.  Patel,  ibid. 
68/69,  626  (1994). 

4I.  L.  Singer,  MRS  Bull.  23,  37  (1998). 

5  A.  Grill,  Diamond  Relat.  Mater.  8,  428  (1999). 

6B.  Marchon,  M.  R.  Khan,  N.  Herman,  P.  Pereira,  and  A.  Lautie,  IEEE 
Trans.  Magn.  MAG-26,  2670  (1990). 

7F.  P.  Bowden,  and  D.  Tabor,  The  Friction  and  Lubrication  of  Solids,  Part 
2  (Clarendon,  Oxford,  1964),  p.  191. 

SK.  Enke,  H.  Dimigen,  and  H.  Hiibsch,  Appl.  Phys.  Lett.  36.  291  (1980);  H. 
Dimigen,  H.  Hiibsch,  and  R.  Memming,  ibid.  50.  1056  (1987). 

9C.  Donnet,  T.  Le  Mogne,  L.  Ponsonnet,  M.  Belin,  A.  Grill,  and  V.  Patel, 
Tribol.  Lett.  4,  259  (1998). 

10 A.  Erdemir,  O.  L.  Eryilmaz,  I.  B.  Nilufer,  and  G.  R.  Fenske,  Surf.  Coat. 
Technol.  133-134,  448  (2000). 

11  A.  Erdemir,  O.  L.  Eryilmaz,  and  G.  Fenske,  J.  Vac.  Sci.  Technol.  A  18, 
1987  (2000). 

12  Thermohygrometer  readings  for  all  tests  were  0.0%  RH  with  an  accuracy 
of  +/—  1%  RH.  Oxygen  level  was  monitored  with  a  Delta  F,  Model 
FA  311XA  oxygen  sensor  during  some  of  the  tests.  Level  of  oxygen 
during  those  tests  was  —0.7%. 

13C.  Donnet,  Condens.  Matter  News  4,  9  (1995). 

14H.  Zaidi,  D.  Paulmier,  and  J.  Lepage,  Appl.  Surf.  Sci.  44,  221  (1990). 
15P.  L.  Walker,  Jr.,  R.  C.  Bansal,  and  F.  J.  Vastola,  in  The  Structure  and 
Chemistry  of  Solid  Surfaces,  edited  by  G.  A.  Somorjai  (Wiley.  New  York, 
1969)  paper  No.  81. 

16S.  Y.  Elovich  and  G.  M.  Zhabrova,  Zh.  Fiz.  Khim.  13,  1761  (1939). 

17G.  A.  Somorjai,  Principles  of  Surface  Chemistry  (Prentice  Hall, 
Englewood  Cliffs,  NJ,  1972),  p.  252. 

lsFor  example,  A.  Zangwill,  Physics  at  Surfaces  (Cambridge  University 
Press,  Cambridge,  1988),  p.  364. 


